INTRODUCTION
============

Infantile hemangioma (IH), the most common tumor of infancy, affects 4%--10% of White infants with a higher prevalence in white, female, and premature infants.^[@R1]--[@R3]^ IH has traditionally been regarded a primary tumor of the microvasculature,^[@R4]^ characterized by rapid postnatal growth with proliferation of endothelial cells and accumulation of myeloid hematopoietic cells.^[@R5]--[@R7]^ It then undergoes spontaneous involution over the next 1--5 years as fibrofatty tissue replaces the cellular elements,^[@R8]^ with on-going improvement up to 10--12 years, often leaving a fibrofatty residuum containing a few mature vessels.^[@R1]--[@R3]^

The bone marrow has been proposed to be the origin of the mesenchymal stem cells (MSCs) that give rise to the adipocytes within the fibrofatty residuum of involuted IH,^[@R9],[@R10]^ whereas others have suggested the source being the endothelium of proliferating IH.^[@R9],[@R11]^

It has been hypothesized that the endothelium of proliferating IH that consists of tightly adherent endothelial cells^[@R12]^ gives rise to the MSCs, which subsequently migrate into the interstitium with eventual terminal differentiation into adipocytes, by the process of endothelial-to-mesenchymal transition (Endo-MT).^[@R13],[@R14]^ Endo-MT has been compared with the process of neural crest epithelial-to-mesenchymal transition (EMT)^[@R13]^ and has been identified as a component of angiogenic sprouting during heart valve formation.^[@R15]^ Intriguingly, there is, as yet, no report on the expression of mesenchymal transition--associated proteins on the endothelium of IH.

More recently, the microvessels of proliferating IH have been shown to consist of a primitive mesoderm-derived hemogenic endothelium with a neural crest phenotype,^[@R16],[@R17]^ regulated by the renin--angiotensin system with the vasoactive angiotensin II playing a crucial role.^[@R3],[@R18]^ The expression of neural crest--associated proteins p75, SOX9, and SOX10 on the endothelium of IH^[@R16]^ may underscore the plasticity of the cells on the endothelium that arise from cells that migrate along predestined somite migratory routes following embolization from the placenta^[@R19]^---a concept that remains to be fully explored.

We hypothesized that the presence of a phenotypic hemogenic endothelium and the expression of neural crest--associated markers on the endothelium of proliferating IH are linked. We propose that the primitive endothelium of IH acquires an expression profile similar to an Endo-MT process which enables downstream MSCs to detach and migrate away from this phenotypic hemogenic endothelium into the interstitium. To test this hypothesis, we investigated the expression of Endo-MT--associated proteins Twist1,^[@R20]^ Twist2, Snail1, and Slug (also known as Snail2),^[@R21]^ in proliferating IH. Furthermore, we performed CD34 cell sorting and analyzed the expression of these aforementioned transcription factors in the CD34^+^ and CD34^−^ fractions of proliferating IH-derived primarycell lines and investigated their ability to undergo terminal functional mesenchymal differentiation.

METHODS
=======

Proliferating IH Tissues
------------------------

Proliferating IH tissue samples from 10 patients with a mean age of 6.5 months (range, 2--12 months) (Table [1](#T1){ref-type="table"}) were sourced from the Gillies McIndoe Research Institute Tissue Bank for this study, approved by the Central Health and Disability Ethics Committee (Ref. 13/CEN/130). Written informed consent was obtained from the parents of all participants.

###### 

Demographic Data of the Patients and the Anatomic Site of Their Proliferating Infantile Hemangioma

  Patient   Sex   Age (mo)   Anatomic Site
  --------- ----- ---------- ---------------
  1         M     3          Scalp
  2         F     11         Forearm
  3         M     2          Scalp
  4         F     7          Ear
  5         F     7          Scalp
  6         M     4          Natal cleft
  7         F     8          Scalp
  8         F     12         Scalp
  9         F     8          Labium
  10        F     3          Mons pubis

F, female; M, male.

Immunohistochemical Staining
----------------------------

We have previously shown the expression of the neural crest--associated and mesenchymal-associated proteins p75, SOX9, SOX10, CD29, and vimentin on the endothelium of proliferating IH.^[@R9],[@R16]^ To demonstrate the presence of an Endo-MT process, we investigated the expression of Twist1,^[@R20]^ Twist2, Snail1, and Slug,^[@R22]^ transcription factors associated with the indirect induction of vimentin expression.^[@R23]^

3,3´-Diaminobenzidine (DAB) immunohistochemical (IHC) staining was performed on 4-μm-thick formalin-fixed paraffin-embedded sections of proliferating IH from 10 patients on the Leica BOND RX auto-stainer (Leica, Nussloch, Germany) as previously described,^[@R24]^ using the primary antibodies for Twist1 (1:2,000; cat\# ABD29; Millipore, Temecula, CA), Twist2 (1:500; cat\# WHO117558; Sigma, St Louis, MO), Slug (1:75; cat\# NBP2-27182; Novus Biologicals, Littleton, CO), Snail1 (1:100; cat\# SAB2108482; Sigma, St Louis, MO), CD34 (ready-to-use; cat\# PA0212, Leica, Newcastle, United Kingdom), and von Willebrand factor (vWF; 1:200; cat\# A0082; Dako, Santa Clara, CA). All DAB IHC-stained slides were mounted in Surgipath Micromount (Leica), and all antibodies were diluted with Bond primary antibody diluent (cat\# AR9352; Leica).

To further localize the expression of the Endo-MT--associated markers, immunofluorescence (IF) IHC staining was performed on proliferating IH samples from 3 patients from the cohort included in DAB IHC staining. Vectafluor Excel anti-mouse 488 (ready-to-use; cat\# VEDK2488; Vector Laboratories, Burlingame, CA) and Alexa Fluor anti-rabbit 594 (1:500; cat\# A21207; Life Technologies, Carlsbad, CA) were utilized to detect the combinations. All IF IHC-stained slides were mounted in VECTASHIELD Hardset mounting medium with 4´,6´-diamino-2-phenylindole (Vector Laboratories).

Human tissues showing high expression of these markers were used as positive controls: breast carcinoma for Twist1, normal liver for Twist2, and normal kidney for slug and Snail1.

Proliferating IH-Derived Primary Cell Lines
-------------------------------------------

Primary cell lines derived from 6 proliferating IH samples from the 10 patients included in DAB IHC staining were sourced from the Gillies McIndoe Research Institute Tissue Bank, for analysis. These primary cell lines were cultured in Dulbecco's Modified Eagle Medium (cat\# 10569-010; Thermo Fisher Scientific, Waltham, MA) supplemented with 2% Corning Matrigel Basement Membrane Matrix (cat\# 354234; Corning, NY), 10% fetal bovine serum (cat\# 10091-148; Thermo Fisher Scientific), and 10,000 U penicillin--streptomycin (cat\# 15140-122). The commercial cell line 3T3 (cat\# CRL-1658; ATCC, Manassas, VA) was used as a positive control.

CD34 Sorting
------------

IH-derived primary cell lines were sorted using the Dynabeads CD34 Positive Isolation Kit (cat\# 11301D; Invitrogen, Carlsbad, CA) into CD34^+^ and CD34^−^ fractions according to the supplier's instructions.

NanoString mRNA Analysis
------------------------

Six snap-frozen proliferating IH tissue samples and their matched CD34^+^ and CD34^−^ sorted cells from the IH-derived primary cell lines from the original cohort of 10 patients included in DAB IHC staining were used to isolate total RNA for NanoString nCounter Gene Expression Assay (NanoString Technologies, Seattle, WA). RNA was extracted from frozen tissues using RNeasy Mini Kit (Qiagen) and subjected to the NanoString nCounter gene expression assay by New Zealand Genomics Ltd (Dunedin, New Zealand). The probes for the genes encoding Twist1 (NM_000474.3), Twist2 (NM_057179.2), Snail1 (NM_003068.3), Slug (NM_005985.2), and the housekeeping gene GusB (NM_000181.1) were used. Raw data were analyzed by nSolver software (NanoString Technologies) using standard settings and were normalized against the housekeeping gene.

Statistical Analysis
--------------------

Data obtained from NanoString mRNA analysis were subjected to paired *t* tests using SPSS version 24 software to determine any significant differences in the transcript expression between the markers.

Mesenchymal Differentiation Assay
---------------------------------

The 6 CD34^+^ and CD34^−^ fractions of the proliferating IH-derived primary cell lines, and the 3T3 cell line (as a positive control), were plated into 8-well chamber slides (cat\# 354108; Corning) at a concentration of 4 × 10^4^ cells per well and incubated until 60%--80% confluent when the StemPro Adipogenesis Differentiation Kit (cat\# A10070-01; Thermo Fisher Scientific) and StemPro Osteogenesis Differentiation Kit (cat\# A10072-01; Thermo Fisher Scientific) were used for terminal mesenchymal differentiation. Differentiation media was replaced every 3--4 days according to the supplier's instructions, for up to 2 weeks. Adipogenic and osteogenic differentiation was determined by fixing and staining the cells with Oil Red O (cat\# O0625; Sigma-Aldrich) and Alizarin Red (cat\# A5533; Sigma-Aldrich), respectively.

Microscopy
----------

DAB and IF IHC-stained slides were viewed and imaged using an Olympus BX53 light microscope fitted with an Olympus SC100 digital camera (Olympus, Tokyo, Japan) and with an Olympus FV1200 confocal laser-scanning microscope and processed with CellSens Dimension 1.11 software using 2-dimensional deconvolution algorithm (Olympus), respectively. Images of the Oil Red O and Alizarin Red staining were captured using a Leica DMIL LED inverted light microscope with an attached Leica DCF290 HD camera and analyzed using Leica Application Suite software (Leica, Germany).

RESULTS
=======

IHC Staining
------------

All tissue sections analyzed were confirmed to be IH by their expression of glucose transporter-1^[@R25]^ (data not shown) on the CD34^+^ endothelium of the microvessels surrounded by an outer concentric pericyte layer expressing smooth muscle actin.^[@R16],[@R17]^

DAB IHC staining demonstrated expression of Twist1 (Fig. [1](#F1){ref-type="fig"}A), Twist2 (Fig. [1](#F1){ref-type="fig"}B), and Slug (Fig. [1](#F1){ref-type="fig"}C) but not Snail1 (Fig. [1](#F1){ref-type="fig"}D) in proliferating IH tissue samples on both the endothelium (Fig. [1](#F1){ref-type="fig"}, thick arrows) of the microvessels and cells within the interstitium (Fig. [1](#F1){ref-type="fig"}, arrowheads). Twist1 was also expressed on the pericyte layer (Fig. [1](#F1){ref-type="fig"}, thin arrows) of the microvessels.

![Representative 3,3´-diaminobenzidine immunohistochemical staining on proliferating infantile hemangioma tissue samples demonstrating the expression of Twist1 (A, brown), Twist2 (B, brown), and Slug (C, brown) but not Snail1 (D, brown), on the endothelium of the microvessels (thin arrows) and the cells within the interstitium (arrowheads). Twist1 was also expressed on the pericyte layer (thick arrows) of the microvessels. Nuclei were counterstained with hematoxylin (blue). Original magnification: ×400.](gox-8-e2598-g001){#F1}

Positive staining was demonstrated on sections of human tissues: breast carcinoma for Twist1, normal liver for Twist2, normal kidney for Slug and Snail1, respectively. Specificity of the staining was confirmed on sections of proliferating IH tissues using a matched isotype control for both mouse and rabbit primary antibodies. \[see **Figure**, **Supplemental Digital Content 1**, which displays a positive control for 3,3′-diaminobezidine immunohistochemical-staining of breast carcinoma showing the expression of Twist1 (A; brown), liver for Twist2 (B; brown), kidney for Slug (C, brown) and Snail1 (D, brown). A section of proliferating infantile hemangioma tissue sample probed with a matched isotype control for mouse and rabbit primary antibodies (E, brown) confirmed specificity of the secondary antibodies. Nuclei were counterstained with hematoxylin (blue; original magnification, ×400) <http://links.lww.com/PRSGO/B290>.\]

IF IHC staining confirmed the expression of Twist1 (Fig. [2](#F2){ref-type="fig"}A, red) localized to the CD34^+^ (Fig. [2](#F2){ref-type="fig"}A, green) endothelium (Fig. [2](#F2){ref-type="fig"}A, thin arrows), the concentric pericyte layer (Fig. [2](#F2){ref-type="fig"}A, thick arrows), and cells within the interstitium (Fig. [2](#F2){ref-type="fig"}A, arrowheads). Twist2 (Fig. [2](#F2){ref-type="fig"}B, green) was localized to the vWF^+^ (Fig. [2](#F2){ref-type="fig"}B, red) endothelium (Fig. [2](#F2){ref-type="fig"}B, thin arrows) and cells within the interstitium (Fig. [2](#F2){ref-type="fig"}A, arrowheads). Slug (Fig. [2](#F2){ref-type="fig"}C, red) was localized to the CD34^+^ (Fig. [2](#F2){ref-type="fig"}C, green) endothelium (Fig. [2](#F2){ref-type="fig"}C, thin arrows) and cells within the interstitium (Fig. [2](#F2){ref-type="fig"}C, arrowheads). Snail1 (Fig. [2](#F2){ref-type="fig"}D, green) was expressed by very few cells within the interstitium, away from the microvessels.

![Representative immunofluorescence immunohistochemical staining on proliferating infantile hemangioma tissue samples demonstrating the expression of Twist1 (A, red) localized to the CD34^+^ (green) endothelium (thin arrows), the concentric pericyte layer (thick arrows), and the cells within the interstitium (arrowheads). Twist2 (B, green) was localized to the vWF^+^ (red) endothelium (thin arrows) and cells within the interstitium (arrowheads). Slug (C, red) was localized to the CD34^+^ (green) endothelium (thin arrows) and cells within the interstitium (arrowheads). Snail1 (D, green) was localized to few cells within the interstitium that also expressed Slug (red) which was widely expressed by the endothelium (thin arrows) and other cells within the interstitium (arrowheads). All slides were counterstained with 4´, 6´-diamino-2-phenylindole (blue). Original magnification: ×400.](gox-8-e2598-g002){#F2}

Split images of IF IHC staining presented in Figure [2](#F2){ref-type="fig"} are shown in Supplemental Digital Content 2. \[See **Figure, Supplemental Digital Content 2**, which displays split immunofluorescence immunohistochemical-stained images of Twist1 (A, red) and CD34 (B, green); vWF (C, red) and Twist2 (D, green); Slug (E, red) and CD34 (F, green), Slug (G, red) and Snail1 (H, green). A negative control which demonstrated minimal staining confirming specificity of the primary antibodies (I). Cell nuclei were counterstained with 4′,6′-diamidino-2-phenylindole (blue). Original magnification: 400x. <http://links.lww.com/PRSGO/B291>.\]

NanoString mRNA Analysis
------------------------

NanoString mRNA analysis confirmed transcript expression of Twist1, Twist2, Snail1, and Slug, relative to the housekeeping gene GusB, in both the snap-frozen IH tissue samples and the CD34^+^ and CD34^−^ cell fractions of the IH-derived primary cell lines (Fig. [3](#F3){ref-type="fig"}). Statistical analysis showed a significantly greater expression of Twist2 compared with Twist1 (*P* \< 0.05) and Slug compared with Snail1 (*P* \< 0.01) that in the snap-frozen IH tissue sample. A significant increase inexpression was also observed between Twist2 and Twist 1 and between Slug and Snail1 in both the CD34^+^ (*P* \< 0.01) and CD34^−^ (*P* \< 0.01) proliferating IH-derived primary cell lines.

![NanoString mRNA analysis confirming transcript expression of Twist1, Twist2, Snail1, and Slug in proliferating infantile hemangioma (IH) tissue samples, and both the CD34^+^ and CD34^−^ proliferating IH-derived primary cell lines, relative to the housekeeping gene GusB. Levels of statistical significance are shown above the graphs (\**P* \< 0.05; \*\**P* \< 0.01).](gox-8-e2598-g003){#F3}

MSC Differentiation
-------------------

Following the addition of the differentiation supplements, staining of lipid droplets by Oil Red O was observed in all 6 CD34^+^ (Fig. [4](#F4){ref-type="fig"}A, red) and 6 CD34^−^ (Fig. [4](#F4){ref-type="fig"}B, red) fractions, as was also observed in the 3T3 positive control (Fig. [4](#F4){ref-type="fig"}C, red), and staining of calcium deposits by Alizarin Red was observed in all 6 CD34^+^ (Fig. [4](#F4){ref-type="fig"}D, red) fraction and CD34^−^ (Fig. [4](#F4){ref-type="fig"}E, red) fraction, as was see in the 3T3 positive control (Fig. [4](#F4){ref-type="fig"}F, red), confirming the adipogenic and osteogenic differentiation capability of proliferating IH. Cells grown in non-supplemented media were used as negative controls which show minimal staining \[**See Figure, Supplemental Digital Content 3**, which displays negative control images of proliferating IH-derived primary cell lines grown in non-supplemented media and stained with Oil Red O (A) and Alizarin Red (B). Original magnification: ×400, <http://links.lww.com/PRSGO/B292>.\]

![Mesenchymal differentiation assays of proliferating infantile hemangioma--derived primary cell lines demonstrating lipid droplets stained with Oil Red O in CD34^+^ (A, red, arrows) and CD34^−^ (B, red, arrows) cellular fractions for adipogenesis relative to the 3T3 positive control (C, red, arrows), and calcium deposits stained with Alizarin Red in CD34^+^ (D, red, arrows) and CD34^−^ (E, red, arrows) cellular fractions for osteogenesis relative to the 3T3 positive control (F, red, arrows). Original magnification: ×400.](gox-8-e2598-g004){#F4}

DISCUSSION
==========

There is growing evidence of the involvement of stem cells in the biology of IH with recent data supporting a placental chorionic villous mesenchymal core cell origin.^[@R19]^ The concept that IH is a developmental anomaly due to aberrant proliferation and differentiation of a phenotypic hemogenic endothelium^[@R17]^ derived from a primitive mesoderm with a neural crest phenotype^[@R16]^ underscores the understanding of the biology of IH. We have further shown plasticity of the IH phenotypic hemogenic endothelium-derived cells to undergo both mesenchymal^[@R9]^ and hematopoietic^[@R5],[@R19]^ differentiation with critical regulation by the renin--angiotensin system.^[@R3]^

The presence of an MSC/mesenchymal progenitor cell population within IH has been observed, and these cells are presumed to be derived from adjacent niches.^[@R10]^ However, recent reports have demonstrated expression of mesenchymal-associated proteins, vimentin, preadipocyte factor-1, and CD29, on the endothelium of proliferating IH,^[@R9]^ implying an endo-mesenchymal phenotype which suggests the origin of the MSC/mesenchymal progenitor cell population is the primitive endothelium of IH.^[@R9]^

The shedding of cells from a tightly regulated endothelium, consisting of tightly bound vascular endothelial (VE)-cadherin junctions on the endothelium of proliferating IH,^[@R12]^ involves the detachment of cells from the endothelium in a process known as Endo-MT,^[@R13]^ analogous to the process of neural crest EMT.^[@R22]^ Endo-MT is typically observed during fetal cardiac development, critically in the development of the mesenchymal heart cushion cells from the cardiac endocardial cells.^[@R26],[@R27]^ We investigated the expression of Endo-MT--associated proteins within proliferating IH to demonstrate these biological parallels with the established concept of neural crest EMT and IH development.

The collective expression of Twist1, Twist2, and Slug demonstrated in this study by both the IH tissue samples and cells derived from proliferating IH, coupled with the ability for both the endothelial and non-endothelial populations to undergo mesenchymal differentiation support the Endo-MT concept.^[@R22],[@R27]--[@R30]^ Interestingly, the putative presence of an MSC-phenotypic precursor in both the endothelial and non-endothelial populations suggests the putative presence of 2 separate population of stem cells endowed with mesenchymal transition plasticity. This is supported by the terminal mesenchymal differentiation capacity of both the CD34^+^ and CD34^−^ populations, similar to the findings of Huang et al.^[@R11]^ Snail1 is expressed on a few cells within the interstitium which are morphologically similar to mast cells which have been shown to express a primitive phenotype.^[@R5]^ The significance of this requires further investigation. The minimal mRNA expression of Snail1 by the IH tissues and IH-derived primary cell lines suggests a lesser role for this marker in the Endo-MT process in IH. Corroborating our findings is the demonstration of the role of activated Notch 1 and Notch 4 receptors during Endo-MT and the presence of these receptors and their ligand, Jagged 1, on the endothelium of IH.^[@R31]^ The greater expression of Slug and Twist2 compared with Snail1 and Twist1, respectively, may indicate a level of hierarchical expression of these markers, which may provide a platform for further research.

To the best of our knowledge, this is the first report demonstrating the expression of Endo-MT--associated proteins on a phenotypic hemogenic endothelium of IH. This may account for the ability of downstream MSCs to bud off and detach from this primitive endothelium and then migrate away. This novel concept of a "delaminating endothelium" may potentially explain the delamination phenomenon of downstream progenitors by the process of Endo-MT,^[@R32]^ although this requires further investigation. This is consistent with the observation of the ability of IH-derived stem cells to form human blood vessels in immunodeficient mice,^[@R33]^ suggesting the capability of IH cells to "bud off" via an Endo-MT process.

Recent studies have shown an endothelial origin of hematopoiesis, underscoring the concept of a hemogenic endothelium, with live imaging confirming a hematopoietic cells "budding" off the endothelium and migrating away.^[@R34]^ The novel findings presented in this report offer some interesting insights into the cellular dynamics that govern this crucial transition state of a delaminating endothelium suggesting the presence of an Endo-MT--like process in the pathogenesis of IH. We propose that this delaminating endothelium has the potential to give rise to the EPCs that are shed into the circulation and potentially to the MSCs in the surrounding interstitium typically seen during the Endo-MT that occurs during early cardiac development.^[@R26]^ The findings of this study provide a plausible explanation for the development of a fibrofatty residuum observed during involution of IH.
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